More than 100 years after Koch's discovery of the causative organism, tuberculosis remains a major global public health problem. There are estimated to be 8 to 10 million new cases per annum, and the annual mortality is approximately 3 million. The variability in protective efficacy of the currently available vaccine, Mycobacterium bovis bacillus Calmette-Guérin (BCG) (5) , and the advent of multidrug-resistant strains of tuberculosis, mean that there is an urgent need for a better vaccine.
A greater understanding of the nature of protective immunity to tuberculosis would facilitate the development of a vaccine which would mimic this naturally occurring protection. Mycobacterium tuberculosis is an intracellular pathogen, and the predominant immune response involves the cellular arm of the immune system. There is strong evidence from animal and human studies that CD4 ϩ T cells are necessary for the development of protective immunity (1, 15) . There is also increasing evidence that CD8 ϩ T cells may play a role (6, 11) . DNA vaccines are potent inducers of cellular immune responses, inducing both CD4 ϩ and CD8 ϩ T cells, and therefore represent a promising delivery system for a tuberculosis vaccine. A number of studies assessing the protective efficacy of DNA vaccines in which the DNA encodes a variety of antigens from M. tuberculosis have shown partial protection against challenge that is equivalent to the protection conferred by BCG (9, 21) . However, none of the vaccine candidates tested so far has been found to be consistently superior to BCG.
Although DNA vaccines are good at eliciting both CD4 ϩ and CD8 ϩ T cells, the frequency of response cells they produce may need to be significantly increased in order to confer protection against challenge. Priming an immune response with a DNA vaccine and heterologous boosting of the response with a recombinant modified vaccinia virus Ankara (MVA) expressing the same antigen(s) as the DNA produced high levels of both specific CD8 ϩ cytotoxic T lymphocytes and unprecedented protection against challenge in a rodent model of malaria (17, 19) .
The effect of this heterologous prime-boost regimen on CD4 ϩ T cells is unknown. We set out to evaluate a prime-boost regimen in the generation of CD4 ϩ T-cell responses and protection against challenge in a murine model of tuberculosis.
Since secreted antigens that are released from live mycobacteria are thought to be important in the generation of protective immunity, we selected two secreted antigens from M. tuberculosis for inclusion in the vaccines. The first, early secreted antigenic target 6 (ESAT6), is relatively specific for M. tuberculosis and, importantly, is not present in M. bovis BCG (7). ESAT6 is a key antigenic target early in murine infection (3) and is a human cytotoxic T lymphocyte target (11) . The second antigen, mycobacterial protein tuberculosis 63 (MPT63), is present in some strains of M. bovis BCG (13) . MPT63 induces delayed-type hypersensitivity responses in guinea pigs immunized with it, and guinea pigs infected with M. tuberculosis have antibody responses to MPT63 (8) . We made a polyprotein DNA construct and recombinant MVA containing both antigens and assessed the immunogenicity of these constructs, individually and in combination. The most immunogenic vaccine combinations were then assessed in murine challenge experiments with M. tuberculosis.
MATERIALS AND METHODS
M. tuberculosis stocks. M. tuberculosis (H37Rv) was grown in Dubos medium and incubated at 37°C for 21 to 28 days. The solution was centrifuged, resus-pended in tryptic soy broth-glycerol and stored at Ϫ70°C after titration. Stock solutions were sonicated before use.
Plasmid DNA constructs. M. tuberculosis (H37Rv) was heat inactivated and DNA extracted (QIAamp; Qiagen, Hilden, Germany). Oligonucleotide primers (Genosys Biotechnologies Ltd., Pampisford, Cambs, United Kingdom) were used to amplify the ESAT6 and MPT63 gene. The PCR products were extracted from agarose gel and purified (QIAquick kit; Qiagen). The tissue plasminogen activator leader sequence was also amplified. The three PCR products were sequenced and then ligated together to form a single coding sequence with the Pk antibody epitope at the 3Ј end (TEMPk). The TEMPk fragment was ligated into the plasmid vector pSG2, creating pSG2.TEMPk. This plasmid has the cytomegolovirus promoter with intron A, the bovine growth hormone poly(A) sequence, and the kanamycin resistance gene as a selectable marker. Expression of the TEMPk fusion protein in COS-1 cells was detected by immunofluorescence using antibodies to the Pk tag (Serotech, Oxford, United Kingdom) followed by fluorescein isothiocyanate isomer-labeled secondary antibodies (Sigma). Nuclear staining showed the protein to be in the cytoplasm. Plasmid DNA for injections was purified by anion-exchange chromatography (Qiagen) and diluted in endotoxin-free phosphate-buffered saline (PBS) (Sigma).
Construction of recombinant MVA. Preparation of splenocytes. Mice were sacrificed and spleens removed using aseptic technique. Spleens were crushed, and the resulting single-cell suspension was filtered through a strainer (Falcon [70-m pore size]; Becton Dickson, Paramus, N.J.). Cells were pelleted, and the red blood cells were lysed by using a hypotonic lysis buffer. Cells were then washed and counted. Splenocytes were resuspended in alpha-modified Eagle medium with 10% fetal calf serum, 2 mM glutamine, penicillin (50 U/ml), streptomycin (50 mg/ml), 50 M 2-mercaptoethanol, and 10 mM HEPES (pH 7.2) (all from Gibco).
Peptides. Overlapping peptides spanning the length of both antigens were purchased from Research Genetics (Huntsville, Ala.). The peptides were 15 amino acids long and overlapped by 10 amino acids (Table 1) .
ELISPOT assays. The number of gamma interferon (IFN-␥)-secreting peptide-specific T cells was determined using the overlapping peptides in an ELISPOT assay (17) . Briefly, 96-well nitrocellulose plates (Milliscreen MAHA; Millipore, Bedford, Mass.) were coated with 15 g of the anti-mouse IFN-␥ monoclonal antibody R4-6A2 (hybridoma purchased from the European Collection of Animal Cell Cultures) per ml. After incubating at 4°C overnight, the wells were washed with PBS and blocked with 100 l RPMI-10% fetal calf serum for 1 h at room temperature. Splenocytes were added to the wells (10 6 cells/well) with peptide (final concentration, 2 g/ml). Concanavalin A (Sigma-Aldrich Co. Ltd., Poole, United Kingdom) was used as a positive control for the assay. Control wells had no peptide. After incubating the plate overnight at 37°C with 5% CO 2 in air, it was developed as previously described (17) . The spots were counted using a dissecting microscope. Numbers refer to spot-forming cells (SFC) per 10 6 splenocytes.
Cell depletions. CD4
ϩ and CD8 ϩ T-cell depletions were performed using anti-CD4 or anti-CD8 monoclonal antibodies conjugated to ferrous beads (Dynal, Oslo, Norway). Splenocytes from immunized mice were restimulated in six-well tissue culture plates with 1 g of the relevant peptide per ml, and on day 3 of culture 10 U of human interleukin 2 (Lymphocult-T; Biotest, Dreieich, Germany) per ml was added. At days 5 to 7 the restimulated splenocytes were washed twice and incubated on ice for 30 min with one of the two antibodies (bead/cell ratio, 5:1). An ELISPOT assay was then performed as before, using the depleted cell populations. Assays for peptides E1 and E2 were also performed ex vivo. Depletion studies for each peptide response were performed twice.
Challenge experiments. Mice were infected with 5 ϫ 10 6 CFU of M. tuberculosis (H37Rv) by intraperitoneal injection, in a category III isolator unit. To assess the baseline level of infection, the liver, lungs, and spleen from two to five mice from each group were harvested and weighed 24 h after infection. The organs from the remaining 7 to 10 mice in each group were harvested 8 weeks after challenge. Organs were homogenized by vortexing with 5-mm-diameter glass beads in 1 ml of sterile PBS, and serial dilutions were plated onto Middlebrook plates (agar 7H10; Difco). Plates were incubated for 21 days at 37°C and colony counts per gram of tissue were then calculated. Data are expressed as mean log 10 values per experimental group. Student's t test was used to determine the statistical significance of differences between groups.
RESULTS
Construction of plasmid DNA and recombinant MVA vaccines. A single coding sequence containing the tissue plasminogen activator leader sequence, ESAT6 and MPT63 genes, and the Pk antibody epitope (TEMPk) was constructed and ligated into the plasmid vector pSG2, creating the DNA vaccine pSG2.TEMPk. Expression of the fusion protein was shown to be in the cytoplasm. The recombinant MVA was purified from a transfection of wild-type MVA and a vaccinia virus shuttle vector containing the sequence TEMPk. DNA and MVA vaccines both induce peptide-specific IFN-␥-producing CD4 ؉ T cells. C57B1/6 mice were immunized with DNA (i.m.), MVA (i.d.), or a combination of the two. Using overlapping peptides which span the length of both antigens (Table 1) , and an IFN-␥ ELISPOT assay, we identified responses to several peptides in the splenocytes of immunized mice. Responses to two peptides within ESAT6 (E1 and E2) and four peptides within MPT63 (M3, -15, -27, and -28) were seen (Table 2) . To assess the phenotype of the cells responding to these peptides, CD4
ϩ and CD8 ϩ cells were depleted by using magnetic beads. The responses to all six peptides were fully abrogated when CD4 ϩ T cells were depleted and were unaffected when CD8 ϩ T cells were depleted (Table 2) . Assays were performed both ex vivo (peptides E1 and E2) and after culturing the cells with peptide for 5 to 7 days (all peptides [see Materials and Methods]).
Homologous boosting of DNA-and MVA-induced responses. The highest frequency of IFN-␥ secreting T cells (SFC) was to the first ESAT6 peptide, E1 (Table 3) . A single dose of DNA failed to generate any detectable responses, but when repeated twice or three times at two weekly intervals, consistent responses were seen. After three immunizations, the number of SFC was more than double that seen after two immunizations; the mean response to E1 after two doses was 30 SFC per 10 6 splenocytes, and after three doses it was 75 SFC per 10 6 splenocytes. In contrast, a single immunization with MVA generated weak responses (mean ratio of SFC per 10 6 splenocytes to E1, 20), which were modestly improved following a second dose of MVA virus (mean ratio of SFC per 10 6 splenocytes to E1, 30). Heterologous prime-boost regimens increased magnitude of response seen. Having detected weak responses using the vaccines individually, the role of heterologous prime-boost regimes, i.e., using either the DNA or MVA construct to prime the response and the second construct to boost 2 weeks later, was assessed. Heterologous boosting, either with DNA followed by MVA (DM) or MVA followed by DNA (MD), produced stronger responses than homologous boosting of either DD or MM ( Table 3 ). The mean response to peptide E1 was increased by more than fourfold, to 130 SFC per 10 6 splenocytes, and this occurred regardless of the order in which the two vaccines were given. The response to peptide E2 was slightly stronger when MVA was followed by DNA rather than the reverse order. The responses to peptides M3 and M15 were stronger with a heterologous boost, regardless of the order in which the vaccines were given, while the responses to peptides M27 and M28 were weak and not boosted.
The strongest response was seen when DNA was given three times and then boosted with MVA once (DDDM). In this case the mean response to E1 was increased almost fivefold, from 75 to 360 SFC per 10 6 splenocytes. The responses to the other peptides were also higher after DDDM compared with DM.
Challenge experiments. Heterologous prime-boost regimens generated the highest levels of IFN-␥-secreting CD4 ϩ T cells, and therefore the protective efficacy of these regimens was assessed in challenge experiments. The first challenge experiment compared the protective efficacy of DNA prime-MVA boost (DM) with MVA prime-DNA boost (MD), supplemented in each case with a second MVA boost. The second challenge experiment assessed the protection conferred by three sequential immunizations with DNA followed by a single MVA immunization (DDDM). In both experiments, BCG was used as a positive control. The immunogenicity of each vaccine regimen was assessed in two to three mice before the remainder of the group was challenged. In the first experiment, the immune responses were not as strong as previously seen (average response to E1, 25 SFC per 10 6 splenocytes). Therefore, in this case a second dose of MVA was administered to both groups prior to challenge. In the second challenge experiment, the average response to the dominant peptide, E1, was 225 SFC per 10 6 splenocytes. The challenge was conducted 2 weeks after the last subunit vaccine immunization, shortly after the T-cell response had reached a plateau (unpublished data).
Eight-week challenge results. To assess the efficacy of the immunization regimens at 8 weeks, organs from all mice re- 
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CD4 ϩ T-CELL PRIME-BOOST VACCINATION FOR TUBERCULOSIS 683 maining at 8 weeks were harvested, and CFU counts were determined. In both challenge experiments, as expected, the CFU counts in the BCG group were significantly lower than in the naïve group in all three organs (Fig. 1) . In the first challenge experiment, the CFU counts in all three organs in the DMM group were significantly lower than the naïve group. The CFU counts in the MDM group in all three organs were not significantly different from the naïve control group. However, in the second challenge experiment, the lung was the only organ in which the CFU counts in the DDDM group were significantly lower than the naïve control group. The CFU counts in liver and spleen were not significantly different between these two groups. The DMM-MDM-DDDM group CFU counts were not significantly different from the BCG group in any organ, in either experiment. Twenty-four-hour bacterial counts. To assess the baseline level of infection, organs from two to five mice from each group were harvested 24 h after infection. The CFU counts in liver and spleen in the BCG group were significantly lower than in the naïve control group (Table 4) at this time point in both challenge experiments. The CFU counts in lung were not significantly different between these two groups.
When the DM-MD-DDDM groups were compared with the naïve control group at 24 h, there was no significant difference between the DM or MD group counts compared to the naïve group counts in any organ. However, in the DDDM group in the second experiment, the CFU counts in spleen and lung were significantly lower than in the naïve control group. The CFU counts in liver were not significantly different between these two groups.
There were no significant differences between the DM-MD-DDDM group and the BCG group in any organ in either experiment at this early 24-h time point.
DISCUSSION
We report immunogenicity and challenge studies with M. tuberculosis using a prime-boost immunization regime. DNA vaccination is known to induce a TH1-type immune response, and therefore we chose the quantification of a TH1 cytokine, IFN-␥, in an ELISPOT assay as our functional outcome measure. This assay is a very sensitive method of quantifying T-cell function (10) . Proliferation assays are an alternative measure of CD4 ϩ T-cell function but do not always correlate with ELISPOT results (Flanagan et al., submitted for publication). There are two reasons why measuring IFN-␥ production is a more relevant outcome measure in an M. tuberculosis challenge model. IFN-␥ is an essential component of the protective immune response to tuberculosis, as IFN-␥ knockout mice are much more susceptible to challenge with M. tuberculosis than their wild-type counterparts (4). In addition, a human mutation in the IFN-␥ receptor gene confers susceptibility to atypical mycobacterial infection (14) .
The DNA vaccine and recombinant MVA generated specific IFN-␥-secreting CD4 ϩ T cells in response to the same peptides. No IFN-␥-secreting CD8 ϩ T-cell responses to these constructs were observed. As the peptides used to assess the responses spanned the length of both antigens, this effectively excludes the presence of a CD8 epitope for this mouse strain. These constructs therefore allowed us to assess the effect of prime-boost regimens on CD4 ϩ T cells. Heterologous primeboost regimens with the two vaccines generated stronger CD4 ϩ T-cell responses than homologous boosting. Interestingly, the order in which the two vaccines were given made no clear difference to the strength of the immune responses generated. Priming with DNA and boosting with MVA or priming with MVA and boosting with DNA both produced a three to fourfold increase in the number of IFN-␥-secreting CD4 ϩ T cells specific for the first ESAT6 peptide. This contrasts with published work on CD8 ϩ T-cell responses, in which DNA prime followed by MVA boost is the only order in which high levels of immunogenicity and protection are seen (17) .
At 8 weeks, levels of protection with DNA-MVA immunization regimens were equivalent to those obtained with BCG, and the protection in the BCG-immunized group is in the same order as that previously published (21) . We are confident that the colonies seen on Middlebrook media were M. tuberculosis colonies and not BCG colonies, as no colonies could be detected in organ homogenates from mice immunized with BCG alone at 4 weeks after immunization.
In the first challenge experiment, the group immunized with DNA-MVA showed levels of protection equivalent to that produced by BCG in all three organs. In the second experiment, protection in the DNA-MVA-immunized group was only seen in the lungs at 8 weeks. Previous authors have observed varying protective effects in different organs depending on the time from challenge to harvesting. Zhu et al. reported protection in the lungs after DNA immunization 4 weeks after challenge but only observed protection in the lungs and spleen 12 weeks after challenge (23) . As the primary route of infection in humans is the pulmonary route, the lung is the most relevant organ in which to identify protection. More relevant aerosol models of M. tuberculosis challenge have been developed, and it will be important to see whether vaccines that confer protection against a systemic route of challenge remain protective against an aerosol challenge and whether protection in the lungs is maintained.
DNA priming seemed to be necessary for protection to occur in the challenge experiments, as in the first challenge experiment, protection was seen in the DMM group but not the MDM group. Note that the lack of protection in the MDM group at 24 h and at 8 weeks effectively rules out a nonspecific protective effect of the subunit vaccines administered up to 2 weeks before challenge. It is uncertain why protection was achieved in the DMM but not the MDM groups when the immunization order (Table 3) appeared not to affect immunogenicity. The difference, however, may relate to the timing of the second MVA boost, as the two MVA doses were given a month apart in the MDM group. It may be that within this interval an antibody response to the MVA abrogated the boosting effect.
The protection against challenge seen in the BCG-immunized group at 24 h has not to our knowledge been assessed before. It is not known whether this 24-h effect may be an early specific antituberculous effect of BCG. Although a nonspecific effect is possible, the challenge with M. tuberculosis was given 4 to 6 weeks after BCG immunization, by which time any nonspecific immune activation of NK cells might be expected to have worn off. Alternatively, BCG may induce a TH1 bias, which facilitates the eradication of intracellular organisms, including M. tuberculosis via TH1-type cytokines (IFN-␥, tumor necrosis factor, interleukin 14). The 24-h protective effect was seen in the liver and spleen but not the lungs. This differential organ effect may be a function of the intraperitoneal route of challenge, as the absolute CFU count in the lungs in all groups is lower than those in the liver and spleen at this time point.
After an intraperitoneal challenge, a tuberculous peritonitis occurs, which explains why the counts in the liver and spleen are higher than those in the lung at this time point. It would be interesting to determine whether a protective effect at 24 h can be seen in the lungs after an aerosol challenge. In the second challenge experiment, an early protective effect was also observed in the spleen and lungs of DDDM-immunized mice. This may also be a nonspecific effect of the DNA (22) . Further work on the mechanism of this early protective effect is needed.
The mechanism by which the response to a DNA priming vaccination can be boosted by a subsequent immunization with a recombinant virus encoding the same antigen has not been fully elucidated. It may relate to the induction by DNA of memory T cells to an immunodominant epitope(s) that expand rapidly on exposure to a recombinant virus carrying the same epitope (18) . It is possible that the mechanisms involved in the boosting of CD8 ϩ T cells are different to those involved in the boosting of CD4 ϩ T cells. There has been surprisingly little analysis of the capacity of recombinant viral vectors to induce CD4 T-cells responses despite the established utility of poxvirus recombinants in inducing CD8 T cells. Further work is required to analyze the relevant antigen processing pathways involved in the major histocompatibility complex class II loading of antigens expressed intracellularly by recombinant MVA. This virus permits late-stage viral antigen expression but is effectively replication incompetent in mammalian cells (2) . To our knowledge, this is the first time that DNA-poxvirus prime-boost immunization regimens generating enhanced IFN-␥-secreting CD4 ϩ T cells have been reported. The effectiveness of this immunization regimen (18) at inducing high-level CD8 ϩ T-cell responses against infectious organisms and tumors in mice and striking immunogenicity in primates has led to ongoing clinical trials of DNA-MVA immunization approaches. The capacity of this immunization approach, identified here, to generate TH1-type CD4 ϩ T-cell as well as CD8 ϩ T-cell responses should enhance its utility in several diseases. For example, in human immunodeficiency virus infection (16) and malaria (20, 12) as well as in tuberculosis the development and maintenance of TH1-type CD4 ϩ T cells is likely to contribute to protective immunity. Further analysis of the mechanisms of the enhanced immunogenicity of this immunization approach should facilitate the design of effective vaccines for these increasingly important infectious diseases.
